The enhancement of pool boiling heat transfer by copper-particle surface coatings is experimentally investigated, using the wetting dielectric fluid FC-72. In one technique, loose copper particles are placed on a heated copper surface to provide additional vapor nucleation sites in the cavities formed at particlesurface and particle-particle contact points, thereby enhancing boiling performance over a polished surface. This 'free-particle' technique is benchmarked against the more traditional technique of sintering a fixed layer of copper particles to the surface to enhance boiling heat transfer performance. The effect of particle size on the heat transfer performance is studied for particle diameters ranging from 45 µm to 1000 µm at a constant coating layer thickness-to-particle diameter ratio of approximately 4. The parametric trends in the boiling curve and the critical heat flux are compared between the two techniques, and the dominant boiling mechanisms influencing these trends are compared and contrasted. High-speed visualizations are performed to qualitatively assess the boiling patterns and bubble departure size/distribution, and thus corroborate the trends observed in the boiling curves. The measured wall superheat is significantly lower with a sintered coating compared to the free-particle layer for any given particle size and heat flux. Performance trends with respect to particle size, however, are remarkably similar for both enhancement techniques, and an optimum particle size of ~100 µm is identified for both free particles and sintered coatings. The free-particle technique is shown to offer a straightforward method to screen the boiling enhancement trends expected from different particulate layer compositions that are intended to be subsequently fabricated by sintering.
Introduction
Immersion cooling using phase change heat transfer is highly effective in applications requiring highdensity heat removal due to its simplicity, heat dissipation efficiency, and scalability. The mechanisms by which heat is dissipated from a surface during pool boiling consist of natural convection from the heated surface to the fluid, bulk convection induced by bubble growth and detachment, and latent heat transferred from the liquid phase to vapor bubbles formed at the surface [1] . With the advent of modern, high-performance electronic and electromechanical systems that have high-energy-density electrified components, there is need for enhancement of these heat transfer mechanisms to facilitate bubble nucleation at lower superheat temperatures and increase the critical heat flux (CHF).
The rich variety of boiling heat transfer enhancement techniques that have been demonstrated in the literature attempt to either modify the surface morphology or alter the properties of the working fluid by addition of external agents. The use of suspended nanoparticles in fluids has been widely studied for boiling performance enhancement, but with conflicting conclusions as described by Barber et al. [2] .
Some studies have found that seeding water with a small concentration of alumina, zirconia, or silica nanoparticles enhances the thermal conductivity of the fluid, while also altering the surface wettability by roughening, thereby nearly doubling CHF [3, 4] ; however, the boiling heat transfer coefficient was reduced due to the deposition of an insulating nanoparticulate layer. Other studies report CHF values nearly triple those with pure water when alumina nanoparticles were included [5] , and up to 60% higher than for pure water when silica nanoparticles were introduced [6] , but with negligible change in the heat transfer coefficient. Conversely, boiling of water with cationic surfactants was shown by Hestroni et al. [7] to enhance the heat transfer coefficient at low surfactant concentration, while decreasing it at higher concentrations. White et al. [8] studied boiling of water with zinc oxide nanoparticles to explain these contrasting characteristics. The heat transfer coefficient increased initially due to enhanced thermal properties of the nanofluid; however, after deposition of a nanoparticle layer that completely covered the surface at higher concentrations, the heat transfer coefficient was decreased due to the suppression of bubble nucleation and release from the surface by the suspended nanoparticles (as in [3, 4] ).
Boiling surface modification techniques can be classified into two categories: integral surface roughness or external surface coatings/attachments. Berenson [9] studied boiling of n-pentane from roughened surfaces of nickel, copper, and Inconel, and observed up to a 600% increase in heat transfer coefficient with roughened surfaces. Kang [10] investigated boiling performance of water from stainless steel tubes of varying diameters, lengths, orientations, and roughness (15.1 -60.9 nm), and observed that the heat transfer coefficient increased with surface roughness for vertical tubes by up to 230%. The effect of surface roughness (0.027 µm to 10 µm) on pool boiling heat transfer performance was studied by Jones et al. [11] for water and FC-77. For FC-77, an increase in surface roughness continually increased the heat transfer coefficient by up to 210% than a baseline polished surface, whereas for water, improvement Enhancement of pool boiling heat transfer by the use of external coatings and attachments, such as sintered coatings and wire meshes, has also been extensively investigated. The change in local surface morphology, by the addition of external surface enhancements, increases the number of available nucleation sites, and thus enhances performance by reducing the incipient and nucleate boiling
superheats. This has proven to be a highly effective and reliable means of enhancing the heat transfer coefficient and critical heat flux in pool boiling. You et al. [13] spray-coated layers of 0.3-3 µm alumina particles over a surface and studied the boiling heat transfer performance of FC-72. Compared to a smooth surface, the particle-coated surface decreased the incipience wall superheat by ~44% and increased CHF by ~36%. In a subsequent study, O'Connor and You [14] painted a mixture of silver flakes and epoxy over an aluminum surface to form a coating with 1 µm cavities; the incipience superheat was reduced by ~85% and CHF was increased by ~109%. Parker and El-Genk [15, 16] studied nucleate boiling of HFE-7100 and FC-72, respectively, from porous graphite layers containing randomly interconnected microscale pores (60% porosity). For saturated HFE-7100, the heat transfer coefficient from the porous graphite was observed to be 1700% higher than that of a smooth copper surface at 10 K superheat, with the enhancement decreasing to ~60% at CHF [15] . For FC-72, the critical heat flux was observed to increase by 63% at a 48% reduced surface superheat [16] . Bergles and Chyu [17] experimentally investigated the boiling characteristics of porous metallic coatings and found an increase in heat transfer coefficient of up to 250% for water and 800% for R-113. The boiling incipience superheat was drastically reduced due to the presence of corner cavities where the particles are attached to the surface. The porous coatings provided predictable and repeatable performance [18] , as opposed to the ageing effects observed for roughened surfaces [19] .
Many studies have been performed to study the parametric effects of sintered coating particle size, porosity, and thickness on pool boiling performance. Sintered copper wire screens of varying thickness, porosity, and mesh size were investigated by Li and Peterson [20] to determine their effects on boiling performance. At low heat fluxes, the heat transfer coefficient increased with coating thickness, but an optimum layer thickness was observed at higher heat fluxes that yielded a maximum heat transfer coefficient; porous coatings with higher thermal conductivity were observed to have higher heat transfer coefficients. Furthermore, a decrease in pore size caused the boiling incipience superheat to decrease, and increased the heat transfer coefficient. Nishikawa et al. [21] studied the effects of refrigerant boiling from different sizes and thicknesses of copper and bronze sintered powders on copper tubes. The maximum heat transfer coefficient was obtained when the coating thickness was about 4 times that of the mean particle diameter (δ/d = 4), with copper powder being more effective than bronze. Lu and Chang [22] studied the effect of thickness, particle size, porosity, pore size distribution, and fluid properties on boiling heat transfer from sintered porous beds. It was observed that an increase in porosity, decrease in coating thickness, or increase in particle size all enhanced the CHF. A maximum enhancement in heat transfer coefficient was observed at δ/d = 2; as δ/d was further increased up to 10, the heat transfer coefficient was enhanced at low heat fluxes, but reduced at higher heat fluxes.
Several additional studies of the performance of sintered porous coatings have identified the existence of an optimum layer thickness. Webb [23] reported an optimum coating thickness-to-particle diameter ratio of 4 for boiling of refrigerants from sintered copper surfaces. Chien and Chang [24] found a minimum thermal resistance for sintered copper powder layers in boiling water at an optimum coating thickness-to-particle diameter ratio of 3.85. The prediction of the optimum coating thickness was studied by Chang and You [25] , and compared against experiments for boiling of FC-72 from surfaces coated with diamond particles. Based on an analysis that assumed a transient superheated liquid boundary layer to be formed above each nucleation site between successive bubble departures [26] , an optimum coating thickness equal to the superheated liquid layer thickness was predicted. Using this optimum thickness as a threshold, coatings were categorized into micro-porous (below optimum) and porous (above optimum)
coatings for the purposes of developing theoretical models for each scenario. A conduction-based model formulated by Ranjan et al. [27] considered the porous structure as analogous to extended fins, and defined an optimum thickness as the point of diminishing returns on fin effectiveness with increasing thickness. The optimum coating thickness-to-particle diameter ratio was in the range of 4-5.
As distinct from the techniques discussed above, the placement of loose copper particles on a heated surface has been recently explored as a technique for pool boiling heat transfer enhancement by Kim et al. [28, 29] . This free-particle technique utilizes copper particles that are not attached to the heated surface to provide additional nucleation sites during pool boiling. High-speed flow visualization revealed that preferential bubble nucleation sites were formed at the corner cavities between the free particles and the heated surface, similar to sintered surfaces, causing enhancement of pool boiling heat transfer coefficient [28] . The effects of particle size, number of particles, and fluid properties were studied. For boiling of water with a single layer of free particles, it was found that particle sizes of 3 to 6 mm provided the largest heat transfer coefficients; a mixture of 3 mm and 6 mm particles increased the heat transfer coefficient by 115% compared to that of a polished surface. The existence of an optimum particle size was explained by nucleation theory: while larger particle/pore sizes require lower superheat for bubble incipience, smaller particles localize superheating of the liquid near the substrate. For a low surface tension fluid, FC-72 [29] , microscale particles provided the greatest enhancement in heat transfer coefficient and CHF, due to the smaller cavity size at which bubble departure occurs. Increasing the number of particles placed on the surface increased heat transfer coefficient due to a larger number of active nucleation sites, but an overly large number of particles reduced CHF due to hydraulic resistance to liquid replenishment at the surface. Free particles 10 µm in diameter, with an effective coating layer thickness of 67 µm, enhanced the heat transfer coefficient by 76%, and increased CHF by 10%, compared to a polished surface.
The free-particle enhancement technique is easily implemented and can provide insight into the expected boiling performance of sintered coatings; however, experimental results are not available for pool boiling from free and fixed (sintered) particulate layers of identical composition and under identical testing conditions (e.g., fluid, surface finish/material, heater size/orientation/confinement), preventing a direct comparison. In the present work, the heat transfer enhancement (in terms of incipient wall superheat, heat transfer coefficient, and CHF) of both free particles and sintered powder coatings are experimentally explored under identical conditions. Informed by the known sensitivity to particle size, and the existence of an optimal coating thickness-to-particle diameter ratio, the heat transfer performance is studied for particle sizes ranging from 45 µm -1000 µm at a constant δ/d = 4. A qualitative assessment of the boiling patterns and bubble departure size distributions is presented via high-speed visualizations of the entire heated surface to corroborate the trends observed in the boiling curves. The parametric trends in the boiling curves are found to be similar for both free-particle and sintered-particle coatings, although the heat transfer coefficient magnitudes differ significantly. The heat transfer mechanisms causing these similarities in parametric trends, albeit with differences in absolute performance, are explained. Figure 1 shows a schematic diagram and photograph of the pool boiling test facility. This setup is a modified version of the test facility used by Kim et al. [29] for pool boiling experiments. The chamber is constructed from four polycarbonate walls sealed flush together with RTV silicone that is cured under compression with screws. The chamber walls compress a PTFE gasket and 1.2 mm-thick polycarbonate plate that seals to the heater assembly with the test surface centered in the middle of the chamber below.
Experimental setup and procedure

Experimental setup
A polycarbonate cover plate is sealed to the top of the chamber walls by compressing another PTFE gasket, forming a 30.48 mm × 30.48 mm × 93.9 mm sealed chamber confining the working fluid on the heated surface. The transparent walls of the polycarbonate housing allow flow visualization using a highspeed camera (Fastcam Ultima APX, Photron) at frame rates ranging from 1000 -4000 fps.
The heater assembly consists of the copper heater block embedded in an insulation casing. The copper block has a smooth 25.4 mm × 25.4 mm top surface exposed to the working fluid. This surface finish is prepared using a consistent procedure of sanding with progressively finer diamond sanding sheets (9 microns, 3 microns, and 0. A chamfer in the PEEK block around the outer edges of the test surface creates a groove surrounding the test surface with the 1.2 mm-thick polycarbonate plate sealed to the top of the PEEK block; this groove helps in sealing the seams in the heater assembly exposed to the fluid. As shown in Figure 1 (b), a layer of RTV silicone sealant is first carefully placed in the groove using a syringe, and is allowed to cure for 90 minutes in an oven at 75 °C. After the silicone is cured, a layer of epoxy (E 5302 Hi Temp, Epoxylite) is applied to fill in the remaining gap. The entire facility is placed in the oven at 80 °C for 20
hours to cure the epoxy layer. The RTV silicone prevents wicking of the epoxy into the gap between the test piece and insulation, easing removal of the test piece between successive tests. The high-viscosity paste epoxy is chosen as a sealant so that it does not seep into the pores of sintered powder test surfaces.
The polycarbonate plate helps to form a smooth meniscus in the epoxy layer around the edge of the test surface, and prevents premature activation of nucleation sites at the edge prior to incipience of boiling on the surface itself.
Within the test chamber, a T-type thermocouple is sealed through the polycarbonate cover plate to measure the pool temperature during testing. A 3.175 mm-diameter stainless steel condenser tube is wound in a coil in the vapor space. During testing, a chilled 50%-50% water-glycol mixture is cycled through the stainless steel tube at a flow rate of 0.5 l/min at 15°C using a chiller (ULT-80, Neslab) to condense vapor. A 6.35 mm-diameter polyurethane tube connects the liquid pool to a vapor trap. The chiller flow rate and set-point temperature were selected to ensure that no working fluid collects in the vapor trap during the experiment (to prevent fluid loss from the chamber over time). The vapor trap is open to ambient so as to maintain the chamber at atmospheric pressure during testing.
Fabrication of test surfaces
Two different boiling enhancement techniques are investigated, viz., the free-particle technique and densification by sintering), which has been previously observed as optimum for boiling enhancement from sintered particle coatings [23, 27] .
To prepare the samples, the particles are first cleaned by soaking in acetone followed by a methanol rinse. A high-accuracy electronic scale (Voyager, Ohaus) is used to measure the weight of the particles placed on the heated surface. To fabricate a sintered sample, loose copper powder is poured into a graphite mold and leveled off to the desired height with a straight edge. The copper substrate is then gently placed on top of the copper powder. The mold, with the copper substrate, is placed into a bell jar furnace that is evacuated down to ~10 -2 torr (~1.33 Pa) over 4 hours using a mechanical pump, after which a diffusion pump is turned on to pull a high vacuum of ~10 -6 torr (~1.33 × 10 -4 Pa) over approximately 12 hours. The temperature is steadily ramped for 2.5 hours up to 950 °C and held at this temperature for 60 minutes (an extended time of 120 minutes was required for the 850-1000 µm particle size sample) under vacuum conditions. The assembly is then allowed to cool gradually to room temperature under vacuum (~5 × 10 -5 torr) so as to avoid oxidation, and immediately placed in an airtight container until it is tested. Figure 2 shows photographs of the 180-212 µm and 850-1000 µm sintered particle coatings; the coating is uniform and not oxidized after sintering. After sintering, the sample is inspected under an optical microscope at multiple locations to ensure a uniform height.
The test matrix in Table 1 includes the particle size, weight, porosity, and layer thickness for each sample. The weight of the particles differs for free and sintered particles because the free particles cover a larger 30.48 mm × 30.48 mm area that includes coverage of the outer epoxy layer, while the sintered particles only coat the 25.4 mm × 25.4 mm copper block surface. The porosity of the free particles is estimated by measuring the volume occupied by a known weight of copper powder, using a graduated cylinder. For the sintered coatings, a known weight of particles is sintered, and the height is measured after sintering to obtain the volume of the coating. The porosity is calculated based on the volume occupied by the known weight of particles. Figure 3 shows a side view of the sintered particle coatings used for this estimate, and a top view of the free particle layer.
Experimental procedure
In order to perform a test, the pool is filled with 40 . The working fluid is aggressively boiled for 2 hours prior to beginning the experiment, so as to degas the fluid and cavities on the surface. For testing using free particles, the cover plate is removed briefly, and a pre-determined quantity of the desired copper particles is introduced into the test chamber with caution to avoid scratching the test surface. The cover plate is then sealed, and the heat flux is increased in steps to obtain the boiling curve using the cartridge heaters. The pre-determined increments were small (3-4 kW/m 2 ) at low heat fluxes until boiling incipience, followed by larger increments (10-12 kW/m 2 ) during nucleate boiling, and finally reduced again (7-10 kW/m 2 ) when approaching CHF. The input voltage is measured across all the heaters connected in parallel. The power supplied to the heater block is monitored using a 0.01 Ω shunt resistor connected in series with the system. Thermocouple temperature data are logged using a data acquisition system (34970A, Agilent) at 3 s intervals. Steady-state conditions are assumed to have been reached when the change in temperature versus time is less than 0.02 °C/s over 30 minutes.
Once this steady-state criterion is satisfied, the temperature data collected over 120 s are time-averaged for subsequent post-processing of the actual surface heat flux and corresponding surface temperature, as described below.
To determine the heat flux and wall superheat, the temperature gradients along the three thermocouple rakes are first calculated. The temperature gradient for the central rake is calculated by linear regression of temperature measurements at junctions j 1 , j 2 , j 3 and j 4 , and for the outer rakes by a temperature differential. The local wall temperatures are then calculated as follows:
; ;
Here, T i denotes temperature at thermocouple location j i as shown in Figure 1 (c) , and x i denotes the distance from the top surface at this thermocouple location. Assuming uniform heat transfer from the top surface of the heater block, the area-average surface temperature is calculated using the areas shown schematically in the top view in Figure 1 (c).
The area-averaged heat flux is calculated similarly as follows:
Uncertainty Analysis
The reference temperature for all thermocouple measurements is maintained by a dry-block ice-point (TCR-III, Omega). A resistance temperature detector (RTD) is used to measure the actual block temperature throughout testing, which provides higher accuracy than the thermocouples. The thermocouples are calibrated over the range of operating temperatures (40 °C to 110 °C at intervals of 10 °C) using a stable temperature bath (7103 Microbath, Fluke) that is also monitored using an RTD. A least-squares linear regression fit, offset from the NIST ITS-90 [31] higher-order polynomial T-type thermocouple standard calibration curve, was used to obtain a new calibration for the thermocouples, where any offset from 0 °C in the ice-point reference junction temperature is measured and accounted for.
Uncertainties in the linear-fit parameters are obtain according to Brown et al. [32] , and absolute temperature uncertainties are specified by the equipment manufacturers (U T,ice = ±0.1 °C, U T,RTD = ±0.1 °C and U T,bath = ±0.05 °C).
The uncertainties in the measured quantities may be obtained by a standard deviation-based error propagation method. This results in an absolute temperature uncertainty of ±0.23 °C. For differential temperature measurements, on account of simultaneous calibration of all thermocouples, the reduced propagated uncertainty is ±0.06 °C per the uncertainty in calibration slope, as described in [33] . At steady state, the temperature is averaged over 40 readings; since the thermocouple locations are fixed, the random uncertainty in the axial location is assumed to be zero, while the systematic uncertainty is taken as the maximum clearance between the thermocouple bead diameter and the diameter of the tapped holes in the copper block, 40 µm. The heat flux is obtained from a linear fit to the temperature rake data; the uncertainties in the linear fit by a least-squares regression are obtained as described in [32] . The respective area-averaged surface temperature and heat flux uncertainties are approximately ±0.1 °C and ±4.5 kW/m 2 over the range of heat fluxes investigated.
Results and discussion
Free-particle coating
The mechanism by which heat transfer is enhanced upon the addition of free particles during pool boiling is by creation of surface cavity geometries that are favorable for vapor nucleation [28, 29] The parametric effects of free-particle size on pool boiling performance are investigated with particle diameters ranging from 45 µm to 1000 µm and compared against the polished surface baseline case; layer thickness is maintained at a constant value of 4.8 particle diameters for all cases. The boiling curves obtained are shown in Figure 4 . In comparison to the polished surface, the free particles are observed to generally enhance performance in terms of the heat transfer coefficient (i.e., wall superheat is reduced at a given heat flux). A trade-off is observed between the magnitude of nucleate boiling heat transfer coefficient enhancement at low heat fluxes and the rate of increase of heat transfer coefficient with increasing heat flux as the particle size is decreased from 850-1000 µm to 45-53 µm. At low heat fluxes, larger particles create nucleation cavity geometries that allow for bubble incipience and departure at lower superheat with larger bubble diameter. As particle size decreases, the theoretical number of active nucleation sites over the same heated area increases; however, smaller particles are more easily drawn into suspension in the fluid, reducing the nucleation site density and heat transfer coefficient at the lowest heat fluxes following boiling incipience. Conversely, a decrease in particle size and dimensional coating thickness supports a higher CHF, as vapor clogging and resistance to liquid replenishment at the surface are reduced compared to the larger sizes. The trends observed in the boiling curves are a result of these counteracting mechanisms. Figure 5 provides additional visual evidence of these mechanisms using images taken from high-speed flow visualizations (2000 fps) of the particulate layer for the different free particle sizes with increasing heat flux, as described below. It may be noted that the CHF value reported in these graphs corresponds to the heat flux just prior to the onset of CHF, and hence represents a lower bound on CHF within the heat flux increment size.
For the largest particle size (850-1000 µm, Figure 5 (a)), the particles remain settled on the surface for the entire range of heat fluxes. Due to the consistent number of nucleation sites, the boiling curve slope is constant, and the heat transfer performance is enhanced relative to the polished surface up to 30 kW/m 2 . As the heat flux increases, the vapor bubbles coalesce in the static layer, impeding vapor departure and ultimately causing a crossover with the polished baseline boiling curve and a commensurately reduced CHF.
For the next lower particle size (180-212 µm, Figure 5 (b) ), the layer is actively displaced during boiling and particles migrate along the surface due to the surrounding fluid flow patterns. Nucleate boiling performance is similar to the 850-1000 µm particle size at low heat fluxes up to the point where the boiling curves intersect with the polished surface baseline. At this heat flux, where vapor clogging had caused CHF for the 850-1000 µm particles, the deformable 180-212 µm layer does not restrict vapor departure from the surface. At this intermediate particle size, the particles are too heavy to become easily entrained into the fluid, and instead tend to build up along the chamber side walls, exposing large areas of polished copper. Over the areas where the underlying polished surface is exposed, nucleation is suppressed, and the boiling curve follows the polished surface closely. This behavior is unique to the particle size range of 180-212 µm; larger particles tend to form a uniform static layer and smaller particles are more uniformly redistributed over the surface when entrained into the fluid. Although the free particles are continuously redistributed across the surface during the experiment, the surface temperature is nearly constant with time once steady-state conditions are achieved.
As particle size decreases further to 90-106 µm, a trade-off is observed between lower incipience wall superheat at the onset of nucleate boiling and lower wall superheats at higher heat fluxes relative to the larger particle sizes. The onset of nucleate boiling occurs at a higher wall superheat (9.5 K for 90-106 µm particles compared to 6.8 K for 180-212 µm), and the wall superheat remains larger than that of the 180-212 µm particles for heat fluxes up to 25 kW/m 2 , due to the smaller bubble departure diameter, as observed from Figure 5 (a-c). At higher heat fluxes the boiling curves cross, and enhanced heat transfer performance is measured for the 90-106 µm free particles. At higher heat fluxes, when the vapor bubbles begin to coalesce, smaller particle sizes give rise to smaller coalesced bubbles. These bubbles have less difficulty in displacing -and departing from -the particulate layer, leading to lower wall superheat as compared to the larger particle sizes. The difference compared to larger particles starts at heat fluxes higher than 25 kW/m 2 , as similarly observed for sintered coatings by Chang and You [25] . As the boiling process becomes more vigorous at these higher heat fluxes, visualization of the smaller 90-106 µm particles ( Figure 5 (c) ) shows that nucleation sites remain active and uniform over the surface due to intermittent settling of particles, whereas nucleation was non-uniform and vapor was forced to depart through thick particulate layers for the comparatively larger 180-212 µm particles.
This trend continues as the particle size is further decreased to 45-53 µm. The nucleate boiling performance deteriorates further because the smallest particles are so easily entrained into the fluid that few remain on the surface to provide active nucleation sites. There is not a layer of particles continually covering and impeding liquid replenishment to the surface ( Figure 5 (d)) ; therefore, this smaller particle size sustains a much higher CHF of 161 kW/m 2 . It may be noted here that the CHF reached by this smallest particle size considered is higher than that for the polished surface (112 kW/ m 2 ). This may be attributed to alteration of the surface wettability or additional capillarity effects provided by some deposition of the small particles on the surface, as is observed in the case of nanofluids [35] , or to some roughening of the surface due to erosion by the motion of the suspended particles.
In summary, free particles in the size range of 90-106 µm are observed to show the best nucleate boiling performance, with a 32% reduction in the surface superheat compared to the polished surface at 112 kW/m 2 (the flux at which the polished surface reaches CHF). Free particles in the diameter range of 45-53 µm yield the maximum CHF (161 kW/m 2 ), 44% higher than that of a polished surface.
Comparison with previous studies on the free-particle enhancement technique using FC-72 [29] shows similar trends as observed in the present study, although quantitative differences are observed in the boiling curves due to the different coating thickness and particle size ranges considered in this study.
As in the current study, the larger particles were reported to enhance the heat transfer coefficient compared to a polished surface at low heat fluxes, but with an accompanying reduction in CHF. While this occurred at a particle diameter range of 850-1000 µm in the current study, premature CHF was not observed until much larger, millimeter-sized particles in [29] due to the smaller monolayer coating thicknesses used, with commensurately lower hydraulic resistance. In both studies, a significant improvement in heat transfer coefficients throughout the boiling curves was observed as compared to a polished surface once the free particle diameter was decreased to less than ~150 µm, and critical heat flux enhancement was observed for free particles on the order of 10s of microns in diameter (44% for 45-53
µm particles in the current study, 10% for 10 µm particles in [29] ).
Sintered particle coating
The parametric effects of sintered particle size on pool boiling enhancement are investigated with particle diameters ranging from 45 µm to 1000 µm as compared against the polished surface baseline case. The sintered coatings are prepared with a thickness of approximately 4 particle layers, as shown in Table 1 . The boiling curves for the sintered surface are shown in Figure 6 . All of the particle sizes investigated are observed to enhance performance compared to a polished surface, due to an increase in the number of active nucleation sites. Figure 7 provides visual evidence of the mechanisms affecting the parametric trends in the boiling curves using images taken from high-speed flow visualization at 2000 fps, as described below.
For the largest particle size (850-1000 µm, Figure 7 (a)), the wall superheat at incipience as well as nucleate boiling over the entire range of heat fluxes are reduced significantly as compared to a polished surface (shown in Figure 4) , due to the increased number of active nucleation sites formed by the porous surface; however, coalescence and clogging of vapor bubbles in the relatively thick layer hinders bubble departure, leading to reduced CHF. For the next smaller particle size (180-212 µm, Figure 7 (b) ), the heat transfer coefficient is enhanced, and CHF is increased. The enhancement in heat transfer coefficient is due to the larger number of nucleation sites available at any heat flux over the same area for the smaller particles. Since smaller particles have smaller coating thickness (δ/d constant), they are able to support a higher CHF. As particle size decreases further to 90-106 µm, (Figure 7 (c)), the heat transfer coefficient is further enhanced due to the larger number of nucleation sites; however, the CHF is reduced. A possible reasoning for this anomalous decrease in CHF may be due to a reduction in the effective heat transfer area having a more dominant effect than reduced hydraulic resistance with a reduction in coating thickness.
This is a similar mechanism of CHF reduction as found in previous studies [36] , wherein for a fixed particle size, a decrease in coating thickness was observed to cause a decrease in CHF, due to a reduction in effective heat transfer area. As the particle size reduces further (45-53 µm, Figure 7 (d)), the trend of increasing CHF is restored, with the maximum CHF observed for the smallest particle size; and the heat transfer coefficient decreases. Although the available nucleation site density increases, the small pore sizes less favorable for bubble incipience reduce the number of active nucleation sites. It should be noted that the wall superheat values are very low (< 2K) for the sintered surfaces with particle sizes from 45-212 µm, and hence the performance differences observed between these cases are small compared to the experimental uncertainty, and show less contrast than between cases for the free particles. Several studies in the literature have similarly shown the effect of particle size on boiling heat transfer enhancement with sintered coatings. Chang and You [25] investigated boiling of FC-72 from a nonconductive epoxy-based porous surface, where the coating thickness increased with particle size. The heat transfer coefficient increased with an increase in particle size from 2 µm to 20 µm, but decreased with further increases in particle size. The coating thickness for this optimum 20 µm particle case corresponded to the liquid layer thickness that was predicted to become superheated between successive bubble departures; any further increase in thickness added hydraulic resistance without any fin-effect benefit. In the present study, a similar trade-off in heat transfer coefficient with particle diameter is observed; however, the optimum particle size of 90-106 µm (at a layer thickness of 402 µm) is larger for the sintered copper particles. A similar increase compared to the predicted value was also observed by Scurlock [37] , where the optimum coating thickness was 250 µm compared to the calculated superheated liquid layer thickness of 100 µm for liquid nitrogen. Chang and You [25] attributed this increased optimum thickness to the higher thermal conductivity of the plasma-sprayed aluminum particle coating.
Following a similar analysis as proposed by Hsu [26] , the superheated liquid layer thickness for FC-72 was estimated to be 100 µm (as in [25] ); however, due to the high thermal conductivity of the current sintered copper coating as compared to the epoxy-based porous coating in [25] , the observed optimum coating thickness was higher for the present coating (~400 µm). Figure 8 shows a direct comparison between the boiling curves obtained for the free-particle and sintered-coating enhancement techniques. It is observed that sintered surfaces significantly outperform the free particles at any given particle size, even for the cases (850-1000 µm) where the free particles exhibit minimal particle motion during boiling. This can only be attributed to the primary morphological difference between the structures, which is the sintered neck formed between particles. This improves the conductivity of the sintered particles, allowing the layer to enhance the effective heat transfer area (whereas the point-contact between spherical free particles limits the conductivity of the free-particle layer). Also, the fixed structure may provide additional capillary wicking of liquid to the surface. While the free particles actively deform during boiling, the sintered particles provide a stable capillary column that provides a continuous path for replenishment of bulk liquid to the heated surface. For smaller particles (approximately less that 200 µm), the free particles become suspended in the fluid during boiling, which reduces the temporal average number of particles in contact with the surface at all times and thereby decreases the number of active nucleation sites. While the absolute boiling performance of both techniques shows significant differences, the trends observed with particle size are remarkably similar. For both techniques, the maximum heat transfer coefficient is observed at a particle size of 90-106 µm, and the maximum CHF is attained for 45-53 µm-diameter particles.
Conclusions
Free particles and sintered particle coatings are explored for enhancement of pool boiling heat transfer of FC-72 from a heated copper surface, and the effects of particle size are studied for a nearly constant coating layer thickness-to-particle diameter ratio ranging from 4 to 5. With free particles, the 90-106 µm particles exhibit the best boiling heat transfer at higher heat fluxes, with a 32% reduction in the surface superheat compared to the polished surface at 112 kW/m 2 ; however, the maximum critical heat flux (161 kW/m 2 ) is attained with the 45-53 µm particles, 44% higher than that for a polished surface.
While free particles provide an actively deformable layer that allows the escape of trapped vapor from the surface (and thereby does not diminish CHF for most particle sizes), entrainment of free particles into the liquid reduces the number of active nucleation sites available for pool boiling at any given time instant.
Hence, the fixed sintered particles exhibit significantly higher heat transfer enhancement over a polished surface as compared to free particles of similar size and layer thickness. Nonetheless, the trends observed with particle size are similar between the free-particle and sintered-coating techniques. The bestperforming sintered coating, in terms of heat transfer coefficient, has the same 90-106 µm particle range as the free particles, and provides a 95% decrease in wall superheat, albeit at a critical heat flux that is 33% lower than that for the polished surface. The 45-53 µm sintered coating has a CHF approximately the same as that of the polished surface. As the free-particle technique is significantly easier to implement, it may serve as an efficient gauge of expected parametric trends in boiling performance from sintered surfaces. Tables   Table 1. Test matrix showing weight, thickness, and porosity of the free and sintered particle layers investigated at each particle size. 
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